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the contiaued spread of vasculaiuation would potetuially 
have broad appucalnlity as a therapy for those diseases in 
which oeovasctihrizadon plays a prominent role. For ex- 
ample, in nearly all of the eye diseases mentioned above, 
once neovaacularixadon oocun, the current methods of 
treatment are often inadequate to prevent further vascular 
proliferation. Usually, the fint Hnc of treatment is directed 
to the underlying condition and may involve anttbkxics, 
steroids, etc As vascularizadon progresses, cautery or pho- 
tocoagulation is often utilized. At further stages, this type 
of therapy u increased in frequency and dosage but has 
often not been satisfactory. Another clinical arena in which 
an inhibitor of angiog e neds could play a critical role is the 
control of solid tumors, since tumor ^rcywth is annogene- 
sis-dependent* and tumor angiogenesu has been shown to 
be permissive for metastasis^. It has been suggested that an 
angiogenesb inhibitor could be administered after exdsion 
of a primary ttmm* to prevent metastatic fod from becom- 
ing vascularized or used against primary tumors, in partic- 
ular against highly vasculsurized yet inoperable tumors (e.g. 
brain tumors). Additionally, these inhibitors might be used 
as an adjunct to chemotherapy or immunotherapy*. 
THE ANGICGSNIC PROCESS ASitS> IN VtVO 
ASSAYS roSt ANGIOGENESIS INHIBITORS 

In the early I970't, a nimiber of m vivo angiogenesis 
assays had been developed and were routinely used. 
These model systems included the rabbit corneal pocket 
the chick chorioallantoic membrane (CAM), the rat dorsal 
air sac and rabbit ear chamber (for further review see ref. 
7). Critical to the use of many of these assays was the 
development of controlled release polymers capable of 
releaiuiff large molecules stich as angiogenesis stimulators 
and inhsfaitors*. The two most commonly used m vivo 
assays are the rabbit corneal pocket model and the CAM 
assay. In the first assay, polymer pellea of ethylene vinyl 
acetate (EVAc) copolymer are impreg^nated with test sub- 
stance'^ and surgicaiqf implanted in a pocket in the rabbit 
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ngiogenesis or neovascularization, the process 
of new blood vessel formadon, is a very dghdy 
controlled process that rarely occurs under 
normal conditions, except for instances of 
vround healing, embryonic development and develop- 
ment of the corpus hiteum. Otherwise, vascidar turnover 
b very low. It has been demonstrated that the potential 
doubling dme of capillary endothelium from normal 
tissues is in the range of 47-20,000 days, as opposed to 
2.14*13 days for tumor capillary endothelium^. In fact, 
capillary endothelial cells of most normal tissues are 
coruidered to be ^'qutcscent". 

However, there exist a grovring number of diseases 
(Table 1) characterized by the pathological groitrth of new 
capillaries, which are now considered to be ''angiogenic 
diseases"*. These diseases include solid tumora, rheuma- 
toid arthritis, psoriasis and a large number of eye diseases 
including the proliferadve retinopathies, neovascuhr 

Saucoma, ocular tumors, e.g. retinoblastoma, as well as a 
r^ number of diseases associated with corneal vascular- 
ization. For example, some 20 other eye diseases are 
associated with choroidal neovascularization*, more than 
40 diseases are associated with iris neovascularization^ and 
retrolental fibroplasia and uveitis are also considered to be 
angiogenesis-associated diseases. 

What is/are the mechanism(s) by which angiogenesis is 
controlled? In light of the existence of such a large 
number of diverse angiogenesis stimulators (for review 
fee ref. 5), it is striking; that neovascularization rarely 
occurs normally. There is an accumulating body of liter- 
ature which sug^esu that in addition to growth factors, 

inhibitors of angiogenesis are key regulators of vascular 
growth. 

The availability of a chemical agent which could prevent 
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Angiofibronia 

Arteriovenous malformations 
Arthritis 

Asfaerosderock plaques 
Corneal graft neovasculariiation 
Delayed wound healing 
Oiabctk retinopathy 
Granulations— 4>ums 
Hemanfl^oia 
Hemopnillc joints 
Hypeitronhic scars 
Neovascular gbucoma 
Nonunion fractures 
Osler-Weber Syiulrome 



Pyogenic granuloma 
Retrolental fibroplasia 



SoUd tumors 
Trachoma 
Vascular adhesions 
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I InhUUon of tunioMnduced angtoffencus bjr CDI" in 
the rabbit oomcal pocket assay. (A) Concrol oomca fanpbuitcd 
with empiy EVAc polymer pdkt huuapoied between the Hmbui 
of the eye and the VS cardnoma impUnt. CapUlariei appear ai a 
cbkk carpet sweeping over polymer and tumor. (B) Ten cornea 
implanted whh £v Ac polymer pellet unpreonatcd with CDl and 
juxtapowd between the hmbua and the V? cardnoma Implant. 
1 cft corneal slumed rignificam inhibition of venel gnnvth 
towards the tumor. 



cornea approximately 1 mm from the limhut. When this 
assay system b being used to test for angiogencns inhibi- 
tors, either a piece of V3 cardnoma or some other 
angiogemc scimiilant is implanted distal to the polymer, 2 
mm from the Umbtu. In oie opposite eye of txti rabbit, 
control polymer pclku that are empty are implanted next 
to an angiogemc stimulant in the same way. In these 
control corneas, capillary blood vessels start growing 
towards the cumor implant in 5-6 days, eventually sweep- 
ing over the blank polymer. In test corneas, the direc- 
tional growth of new capillaries from the limbal blood 
vessels towards the tumor occurs al a reduced rate and is 
often inhttutcd such that an avascular region around the 
polymer is observed (Fig. 1). This assay is quantitated by 
measurement of the maximum vessel lengths with a 
stereoscopic microscope. 

In the CAM bioassay, fertilized chick embryos are 
placed into Petri dishes and cultured in a huimdtfied 
mcubator in 5% COf. On day 6 of development, methyl- 
cellulose (1% w/v in distilled water) discs impregnated 
with the test sample or an appropriate control substance 
are placed onto tne vascular membrane at its advancing 
edge. On day 8, the area around (he impUm is observed 
and evaluated. Avascular zones surrounding the test inw 
plant indicate the presence of an inhibitor of embryonic 
neovascularization''. 

In vhfo assays such as these, however, are extremely time 
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consuming, expensive and require large amounts of pre- 
cious test material The development of techniques to 
culture endothelial cells'' made possible the development 
ofmviiro assays (see next section) which could function as 
"screens'* for m vivo events. These assavs both qualiudvely 
and quantitatively measured the ceDuur and biochemical 
components of angiogencsis in a more rapid and repro- 
dudole manner u&ig small amounts of test materials. 

It is ROW established that the phenomenon of angiogen- 
csb occurs via the "sprouting^ of new capilbries from the 
preexisting microvasculature. Enzymatic degradation of 
the basement membrane of the parent microvessel is 
followed by capillary endothelial cell (EC) migration in 
response to an angioaenic stimulus. The mUprating EC 
align themselves to form a new sprout. Irailing EC 
proliferate, therebv increasing the immature sprout 
length. SubseqttentJy, the process of lumen formation 
occurs in which two hollow sprouu join to form vascular 
loops, ftricytes and basement membrane components 
surroimd the immature capillaries, completing the forma- 
tion of the mature capillary bed^'. 
IN VmO ASSAYS IFOR ANGIOGSNIESIS 

With the knowledge of the sequence of events requu-ed 
for neovascularization to occur and with the availability of 
cultured EC, the development and use of m vitw assays 
devised to expedhe the discovery of angiogcnesis inhibi- 
tors focused on the following componenu of the angio- 
genic process: degradation of the basement membrane, 
migration and proliferation of capillary EC and the for^ 
mation of three dimensional capillary tubes. To the extern 
that a faaor could inhibit one or all of these key cellular/ 
biochemical evenu m vitro, it is then a candidate for 
further testing in the standard m vwo models. 

Capillary EC proUferate in response to an angiogenic 
stimulus dtiring neovascularization. Therefore, an m vitro 
assay using the ceUs actually involved in the process of 
angiogenesb was developed to mimic the process of neo* 
vascubrizadon m viTre* ^ Capillary EC were stimulated to 
proliferate by addic fibroblast gromth factor (aFGF) a 
known angic^genic molecule and then challenged with 
vaurying concentrations of test substance. Following a three 
day incufcadon period, the number of endothelial cells was 
measured on the basb of the colorimctric measurement of 
acid phosphatase.'* ResuUs were supported tnr electronic 
cell countmg. This assay is particularly useful because it 
provides the unique opportunity to screen large numbers 
of samples in a highly sensitive and rraroduciole manner. 

A second critical evem required for angiogenesb to 
occur is the migration of capillary EC through the exoa- 
cellular matrix towards an angio^mic stimulus. Migration 
of endothelial ceUs can be tested m vitro using a modifica- 
tion of the Boyden chamber technkpie'*. A blind-well 
Boyden chamber'^ consisu of two wells (upper and lower) 
separated by a poroiu membrane. The lower weUs receive 
a known concentration of growth factor and the upper 
wells receive a predetermined number of cells and inhil^^ 
itor. Cells attacned to the upper surface of the membrane 
migrate through and attach to the lower membrane sur- 
face. The membrane is then fixed and stained for cotmt- 
ing". 

Although a number of factors have been studied in vitro 
which can interfere with one or more of the steps required 
for angtogenesis, it is essential to test these substances 
using m vivo assays to ensure that angiosenesis It truly 
inhibited. Only those fsKXors which have ocen shown to 
inhibit angtogenesis m vivo will be discussed below. 
INiUBITOBS CP ANGIOGENESIS 

Tissue-derived inilubitorB. Cartilage has been studied 
as a potential source of an angbgenesb inhibitor because 
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of its avascularity. Cartila^ b a reladvelv tumor-reaistant 
tissue and the tumor asiociaied with cartilage, chondrosar* 
coma, b the least vascularized of ail solid tumon. A 
number of different ^ups have shown that cartilage and 
extracts of cartilage mhibit angiogenesb m vivo and en* 
dothelial cell proUferation in viiro^^-^^^. Partially 
purified extracu of cartilage have alio been shown to 
inhibit tumor-induced neovascularization when delivered 
regionallv (via controlled release polymer) and when 
denvered ivstemically (via infusionr*. The critical role 
that proteoi^ enzymes appear to play in the process of 
neovascularization suggested that protease inhibitors 
might be anti-angiogenic a^ents'^''^. Recently, an angio- 
genesis inhibitor from bovuie scapular cartilage has been 
purilied, characterized and amino terminal sequence dau 
obtained This molecule, which is an add and heat suble 
protein, is a coQasenase inhibitor with a relative molecular 
mass (Mr) of 27.850. 

Purified cartilage-derived inhibitor (GDI) is a powerful 
inhibitor of aFGF-atimulated capillary CC proUferation. 
Using the assay system described alxftve for measuring 
capillary EC proliferadon, COI. at a concentration of 96 
nM, caused 72% inhibition of proliferation. These results 
were supported by electronic cell coundng assays and 
tritiated tnymidine incorporation studies. Using a modi* 
fication of the Boyden chamber assay, GDI inhibited 
capillary EC migration with an I Cm (the inhibitory con* 
centration at which 50% inhibition is obtained) of 16 
nM". It was further tested for its ability to inhibit angio- 
genesb m vivo on the chick CAM. Purified COI (4 ^g 
samples) in methylcellulose discs was applied to the sur- 
faces of growing CAMs of 6 day old fertilized chick 
embryos. After a 48-hour exposure of the CAMs to CDI, 
large avaxular zones were observed as opposed to the 
control CAMs which never developed avascular zones 
(Fig. 2). CDI (4 |ig =■ 145 pmols) b a powerful inhibitor of 
neovascularization m vivo when compared to the lowest 
reported doses of previously reported inhibitors discussed 
bctow. 

Recently, mctalloproteinases such as coUaflcnase have 
been stronglv impltcated in the proceu of malignant 
conversion, that point in cancer pr ogr es sion when tumor 
celb gain the capacity to invade and metastasize. A corre- 
lation has been demonstrated between the acoubiuon of 
the malignant phenotype and an incrrasc in the expres- 
sion of metalloproteinases (Type IV and transin). Addi* 
tionally, a key metalloprtttetnase inhibitor, TIMP (tissue 
inhibiunr of metaUoproteinase), b now considered to be a 
tumor-suppressor geneprodua'^ It b interesting to note 
that CDI oiffers from TIMP isolated from human amni* 
otic fluid (which itself b virtually identical to a human skin 
fibroblast inhibitor with the exception of one residue 
difference) in only two amino acids over the Arst 28 
NHs-terminal residues' ^ 

Ciher avascular tbsues have abo been studied as a 
potential sources of angiogenesb inhibitors. Vitreous ex- 
tracts have been shown to inhibit neovascularization in 
vivo, the lowest reported dose being 200 (ig, and endothe- 
lial cell proliferation in vitni*^. Tne a^ent(8) responsible 
for this inhibition remains to be purif&d and it appears 
that vitreous may contain at least two inhibitory species, 
one s 10 kD, the other ^ 50 kD^. Extracts of human and 
murine lens have been shown to inhibit endothelial cell 
proliferation in a cell spediic and reversible manner'*. 
Additionally, tmvine corneal extracts have recendy been 
shown to contain an inhilntor of angiogenesb in vivo 
which appears to be a low (^ 10 kD) molecular weight 
non-peptidc inhibitor. Purification and identification of 
all of these factors has not yet been accomplbhed^. 

Angioat&tilc atcfosds* Angiogenic steroids are a tmiqtxe 




fi Inhibitkm of embivonic anriogenesb by COI (cartilage- 
derived inhibitor) la the cnick chonoulantoic meinbrane aisay 
(CAM). (A) Normal CAM ooniaining enpty mcthylceUulose diik 
<B) CAM containing a mcthyloettulose duk impregnated with 
COI surrounded by avascular zone. 



group of molecules whkh inhibit angiogenesb. Early work 
on the effects of steroids on angiogenesb showed that 
heparin or heparin fragments with no anticoagulant ac- 
tivity could inhibit angiogenesb m vtvo, using the CAM 
assay, at a dcMC of SO |Lg of heparin with 00 Kg of 
hydrocortisone, and could cause tumor tumor regression 
and significantly inhibit Metastases in the presence of 
cortisone^. These results were important in their support 
of the hypothesb that an antiangiogenk therapy could 
ultimately influence tumor growth. Subsequent structure- 
activity studies with steroid analogs demonstrated that the 
antiangio^enic activity of the heparin-hydrocortisone 
combinaucm was not a function of the mineralocorticoid, 
glucocorticoid or other known biooctivities of hydrocorti- 
sone and resulted in the term "angiosutk steroid''''. 
Recently, the use of a synthetic heparin substitute, p-cy- 
dodextrin tetradecasulfate administered with angiostatic 
steroids, has been shown to inhibit angiogenesis at a lowest 
reported dose of 14 ^g of ^-cyclodextrin tetradecasulfate 
with 60 (Jig of hydrocortisone in the CAM assay. Thb drug 
pair has also been shown to inhibit endotoxin-induced 
angiogenesb in the rabbit corneal pocket assay both when 
deuvered locally and topically^*. 

PftMambie. Protamine, a sperm-derived, cationic protein 
with a molecular weight of 4.3 kD, has been shown to be a 
specific inhibitor of angiogenesb, inhibiting neovascular- 
ization on the CAM at a dose of approximately 50 pjs. 
When adnunistered systemically, it inniodted tumor growth 
and metastases in a number of animal modcb although its 
efficacy is limited by its toxicity at high doses'^ 

Pfiatelet fiuAoi^. Pbtelei factor-4 (PF4), a collagetiase 
inhibitor with a very strong affinity for heparin, b a 
tetrameric polypeptide with a molecular weight of apptm- 
imately SO kO. It b released from platelets during aggre- 
gation as a complex with chondroitm sulfate. Thb protein 
was shown to inhibit angiogenesb in the CAM assay at a 
dose of approximately 10 ^g^*^. Recent studies using 
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recomUiiaitt PF4 have further shown that it ts an inhibitor 
of human umbilical vein endothelial cell proliferation 
with an IC90 of approximately^ 1 |iM^. More recently. 
PF4 haa been shown to inhibit the growth of murine 
mebnoma and human cobn carcinoma^^ 

Throanbooaimdia. Reoendy» a 140 kO protein (Gp UO) 
homologous m sequence and function to the C-terminus 
of human thrombospondin has been shown to inhibh 
anglogenesis m vivo and capillary endothc&d cell migra- 
tion in vUro^^^. This inhibitory faaor was purified from 
the conditioned media of hamster and human hybrid lines 
when they were expressing an active cancer suppressor 
gene. Since the onset of angiogenests and tomorigenesis 
was concomitant with the loss of GP140 activity, the 
production of such an angiogenic inhibitor may be a 
means by which tumor growth is controlled under cer- 
tain circumstances^'^^ These results are consistent with 
those observed for TIMP. which demonstrate that STS 
cells which are down mcxlulated for TIMP expression 
acquire the capacity for invasion and metastases'^. 

Other anglogencsio InbibltorB. There are a number of 
other angiogenesia inhibitors that can pbv a role in 
negatively nuKlulating neovascularization. Tnesc include 
ttunor necrosis factor-alpha (TNF-a)» which has been 
shown to inhiUt capiUary and aortic cell proliferation as 
well as smooth miiscle growth'*. Paradoxically^ TNFhs 
stimulates angiogenesis tn vnv. This effect is similar to that 
observed for transforming growth factor beu (TCF-^) 
which, althou^ it is a potent inducer of capiUary tube 
formation m vUro and stimulates angiogenesis m vivo, is an 
inhibitor of aortic and capillanr endothelial cell proUfera- 
tion and migration m vi^ra^*^ . Since angioffenesis can be 
thought of as a two stage process, one pronfeTstive and 
one based on differentiation of capillary endothelial ceOs, 
it has been hypothesized that TGF-0 may affea the 
process of neovascularization by shifting the balance 
towards the differentiation of axillary £CS into capillar* 
ies. accomplishing this by inhibiting their proliferation 
and migration'. 

Alpha interferon hai been shown to inhibit endothelial 
cell proliferation and capillary tube formation m vtlrv and 
has been used as a positive therapy in patients with 
hemangioeiuiotheUomas*^ Gamma interferon is also an 
inhibitor of growth-fector stimulated endothelial cell pro- 
liferation as wen as a number of transformed cell lines*'. 
Certain antibiotics arc also anti-angbgenic. Minocycline, a 
semisynthetic tetracycline antimtcroUal with anti«collagc- 
nase propertia has recently been shown to inhibit nimor- 
induoed angiogenetis m vrvo^, and a family of angiogen- 
esis inhitntora (angimnhibins). which are synthetic 
analogues of fumagilun, have been synthesized and shown 



to suppress the growth of a wide variety of solid tumors^. 

MSGMANISBfiS OF ACTION 

A potential model for the scouence of events Involved 
in ansiogenes'is is one in which an angiogenic factor(s) 
stimuuuet capillary EC to produce proteolytic enzymes 
such as cnllagctuse and plasminogen activator, which 
degrade the basement membrane of the parent venule 
facuitating the release of the capillary EC from the pre- 
existing vessel In the case of tumor angiogencns. it has 
been suggested that tumor ceUs might release^ in addition 
to angiflsenic facton. a chemoattraccant for mast celb**. 
Mast cells might then migrate towards the tumor where 
they release heparin, a glycosaminoglycan, which has been 
shown to enhance the activity of angiogenesis factors m 
vivt^'^ and which can potentiate growth-factor stiiiui- 
lated EC proliferation and migration m in^^^^. The 
capiUary cells, under the influence of angiogenic factors 
and heparin, which has also been shown to stimulate 
collagenase activity in EC*', would then migrate out of the 
parent vessel aiul mto the perivaactilar space and through 
the local extracellular matrix (fadlitateo by protease ac- 
tivities) towards the angiogeidc stimuli. Thewt cells, which 
have ''sprouted* from the parent vessel, proliferate In 
response to angiogenic stimuli and begin to elongate the 
capillary sprouc Finally, these capillary EC join to form 
lumen and eventually, with branching, form a mature 
capillary network surrounded by basement membrane". 
The inhibition of angiogenesis may be accomplished via a 
number of different biochemical and cellular means all 
focused on intervening in the process of neovasculariza- 
tion at these key Junctures (Fig. 3). 

One early event in neovascidarization is the breaching of 
the parent venule's basement membrane to allow EC 
**escape** and the subsequeiu capillary EC migration 
through extracellular matrix. At this stage and through- 
out the pmceu of capiUarv formation, EC must degrade 
extracellular matrix in order to move towards the angio- 

Scnic stimulus. Collagenase has been shown to be one of 
iie Ity proteases required at these stages of neovascu- 
bwizauoa". Additionally, collasenase has been shown to 
be required for tumor cells to breach the boundaries of 
the vascular tree during metastases''*. The faa that the 
collagenase inhibitors CDI, PF4 and minocycline are 
anti-angiogenic is consistent with earlier work demon- 
strating the importance of collagenase in neovasculariza- 
tion and suggests that at least one way in which they exert 
their inhibitory effects on neovascularization might be 
through inhibition of thb key proteolytic enzyme. 

Furthermore, both CDI atul PF4 ultimately cause local 
perturbations In the extracellular matrix, that is, thty can 
cause changes in the integrity and/or quantity of mtaa 
basement membrane components, in this case, collagen. 
These changes have been shown to play a role in the 
control of neovascularization, since normal capillary de- 
velopment requires an intact basement membrane^'. 
Other inhibitors such as the angiostatic steroids may work 
through similar mechanisms. The angiostatic steroids 
have been suggested to act to inhibit neovascularization by 
altering capUbry basement membrane turnover when 
administered wiui heparin^*. 

Another potential mechanism for anti-angio^nic activ- 
ity focuses on the glycosanunoglycan, heparin, and its 
ability to enhance the effect of angiogenests factors. For 
example, protamine has been shown to possess a very 
strong affinity for heparin as do many potent stimuli of 
angiogenesis (heparin-binding growth facors). It has been 
hypothesized that the anti-angiogeruc effea of protamine 
is a function of its interference with these ^nnvth facton' 
stimulation of capillary EC functions via bmding of hep- 
arin. In support of this hypothesis, it has been slu)wn that 
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the mitogenk activity of soluble and matm-bcund FCF u 
inhibited^ piotamme^. Additionally. PF4 was oripnaUy 
tettcd for iu and-angiogentc ability due to iu high affinity 
for heparin ami it has Iwen suggested that the mechanism 
by whm it inhiUts neovascularization may be similar to 
chat of protamine^. 
GONCLUSIOM 

The natural^ occurring balance between endogenous 
stimulators and inhibitGrft of angioffcnesis ts one in wbkh 
inhibitory influencet predominate'^. In those rare in- 
stance* in which neovascuhrixation occurs under normal 
physiolosica] conditions, such as in wound healing, corpus 
luteum development and embryogenesis, it is strineendy 
regulated ami temporally and spatially delimited' . Un- 
der conditions of pathological angiogencsis lucb as that 
characterizing solid tumor growth, these regulatory con- 
trols £aiL These observations suggest (hat a viable thera- 
peutic strategy for the control of triose diseases character- 
hed by deregulated neovascularization can be developed 
pendins the availability of potent, reliable and biologically 
compa&e angiogenesis inhibitorv, 

^T^Siwo^ww^ by NIH gram EY059SS to R.l» and 

NIH postdoctoral felbwthip EYOdOiT va MM. 
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